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Demand for rice will increase with growing global population. Globally, water management and nitrogen 
(N) application are two key factors influencing rice production and greenhouse gases (GHGs) emissions. 
In China, one of the world’s largest rice-producing countries, scarcity of water also threatens rice 
production. Therefore, in order to meet these challenges, it is essential to find water-use efficient irrigation 
management that also mitigates GHGs emissions from rice paddies. This study was conducted with 
three N application rates (90, 180, 270 kg N ha−1) under two irrigation regimes: 1) the conventional 
flooding-midseason drainage-flooding irrigation (FDF), and 2) flooding-moist by alternating wetting and 
drying (AWD) as the water-saving irrigation. Results showed that AWD irrigation significantly reduced CH4 
emissions by 38%, but increased N2O emissions by 34%. Although N2O and CH4 emissions showed a 
trade-off relationship, the global warming potential (GWP) and greenhouse gas intensity (GHGI) 
significantly decreased by 22% and 24%, respectively, under water-saving irrigation management. N 
fertilization significantly enhanced rice grain yield but had no effects on water use efficiency (WUE). 
Although AWD had no effects on rice grain yield, it significantly enhanced WUE by 40%. Considering the 
interactive effects of N fertilization and irrigation management, the highest grain yield (7808.38 kg ha−1) 
occurred in AWD with medium N application rate. Generally, AWD irrigation regime could be used as an 
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GHGs emissions from rice paddies. 
Keywords 
Global warming potential, Greenhouse gases intensity, Methane, Nitrous oxide, Water use efficiency, 
Water−saving irrigation 
Disciplines 
Agriculture | Agronomy and Crop Sciences | Soil Science | Water Resource Management 
Comments 
This is a manuscript of an article published as Wang, Hong, Yan Zhang, Yaojun Zhang, Marshall D. 
McDaniel, Lan Sun, Wei Su, Xiaorong Fan, Shuhua Liu, and Xin Xiao. "Water-saving irrigation is a ‘win-
win’management strategy in rice paddies–With both reduced greenhouse gas emissions and enhanced 
water use efficiency." Agricultural Water Management (2019). doi: 10.1186/s12870-019-2041-2. Posted 
with permission. 
Creative Commons License 
This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 
License. 
Authors 
Hong Wang, Yan Zhang, Yaojun Zhang, Marshall D. McDaniel, Lan Sun, Wei Su, Xiaorong Fan, Shuhua LIu, 
and Xin Xiao 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/agron_pubs/605 
Contents lists available at ScienceDirect
Agricultural Water Management
journal homepage: www.elsevier.com/locate/agwat
Water-saving irrigation is a ‘win-win’ management strategy in rice paddies –
With both reduced greenhouse gas emissions and enhanced water use
efficiency
Hong Wanga, Yan Zhanga, Yaojun Zhangb,*, Marshall D. McDanielc, Lan Suna, Wei Sua,
Xiaorong Fand, Shuhua Liua,d, Xin Xiaoa,*
a College of Resource and Environment, Anhui Science and Technology University, No. 9 Donghua Road, Chuzhou, 233100, China
b School of Life Sciences, International Joint Research Laboratory for Global Change Ecology, Henan University, Kaifeng, Henan, 475004, China
c Department of Agronomy, Iowa State University, 2517 Agronomy Hall, Ames, IA, United States
d College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing, 210095, China








A B S T R A C T
Demand for rice will increase with growing global population. Globally, water management and nitrogen (N)
application are two key factors influencing rice production and greenhouse gases (GHGs) emissions. In China,
one of the world’s largest rice-producing countries, scarcity of water also threatens rice production. Therefore, in
order to meet these challenges, it is essential to find water-use efficient irrigation management that also miti-
gates GHGs emissions from rice paddies. This study was conducted with three N application rates (90, 180,
270 kg N ha−1) under two irrigation regimes: 1) the conventional flooding-midseason drainage-flooding irri-
gation (FDF), and 2) flooding-moist by alternating wetting and drying (AWD) as the water-saving irrigation.
Results showed that AWD irrigation significantly reduced CH4 emissions by 38%, but increased N2O emissions
by 34%. Although N2O and CH4 emissions showed a trade-off relationship, the global warming potential (GWP)
and greenhouse gas intensity (GHGI) significantly decreased by 22% and 24%, respectively, under water-saving
irrigation management. N fertilization significantly enhanced rice grain yield but had no effects on water use
efficiency (WUE). Although AWD had no effects on rice grain yield, it significantly enhanced WUE by 40%.
Considering the interactive effects of N fertilization and irrigation management, the highest grain yield
(7808.38 kg ha−1) occurred in AWD with medium N application rate. Generally, AWD irrigation regime could be
used as an effective management for simultaneously saving water and enhancing rice grain yield, while miti-
gating GHGs emissions from rice paddies.
1. Introduction
Rice (Oryza sativa L.) is one of the most important cereal crops
around the world, but rice paddies are also a major anthropogenic
source of greenhouse gas (GHG) emissions (Zhang et al., 2011; Kritee
et al., 2018). Worldwide, rice paddies contribute approximately one-
half CH4 emissions and one-tenth N2O emissions of cropland total CH4
and N2O emissions, respectively (Carlson et al., 2017; Kritee et al.,
2018).
China, one of the most important rice production countries in the
world, accounts for 19% of the world’s total rice production area and
23% of all cultivated land in China (Zhang et al., 2011; NBSC, 2017).
Water management and nitrogen (N) fertilization are two important
practices influencing rice yield, but also regulating N2O and CH4
emissions in rice paddies (Mosier et al., 2004; Zou et al., 2005; Pan
et al., 2017). For example, Chinese rice paddies alone emitted 6.85 Tg
CH4 in 2009 and was estimated to increase at an average rate of 1.2 kg
ha−1 yr−1 from 2010 to 2050 (Zhang et al., 2011). This is because they
are continuously flooded for several months during rice growing
season. Since methanogens are more active under anaerobic conditions,
the common practice of flood irrigation in rice paddies is a likely cause
of substantial CH4 emissions (Zou et al., 2005). Could alternative irri-
gation practices reducing CH4 emissions be used as an effective strategy
for GHG mitigation in rice paddies?
Various irrigation practices in rice paddies are managed in China,
such as continuous flooding irrigation, flooding-midseason drainage-
flooding irrigation, and flooding−midseason drainage− re-
flooding−moist by intermittent irrigation (Zou et al., 2005; Liu et al.,
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2016; Pan et al., 2017). In recent decades, water scarcity has shifted
irrigation regimes in China (Zou et al., 2007). Rice paddies, for ex-
ample, were dominated by continuous flooding before the early 1980s.
Then in the 1980s, midseason drainage and moist irrigation replaced
continuous waterlogging, and is the most common irrigation method in
Chinese rice paddies (Huang et al., 2004; Yang et al., 2017). More re-
cently, due to the scarcity of freshwater in China, alternative irrigation
methods have been tried that are more water use efficient. Practices like
intermittent irrigation and alternating wetting and drying irrigation
have now been widely used as the water-saving irrigation practices
(Peng et al., 2011; Xu et al., 2015; Pan et al., 2017).
High rice grain yields are often achieved by using large amount of N
fertilizer, and this practice has markedly increased in China in recent
decades (Shang et al., 2011). While, high N fertilization was not sup-
posed as an effective management in the long-term maintenance of high
grain yields and water use efficiency (WUE) and could lead to vast GHG
emissions (Zou et al., 2005; Wang et al., 2018a). The soil water dy-
namics as well as N fertilizer application ultimately regulates GHG
emissions. And from previous studies, it appears there is a trade-off
relationship between CH4 and N2O emissions in rice paddies (Zou et al.,
2005). Midseason drainage, as commonly practiced in many Chinese
rice paddies, was thought to reduce CH4 emissions, because of a re-
duced time the soil spent waterlogged (i.e. anaerobic). However, mid-
season drainage could decrease CH4 emissions by 36–65% but increase
N2O emissions by 20 times in rice paddies (Zou et al., 2005, 2009; Li
et al., 2011; Xu et al., 2015). Other studies have found that continuous
flood irrigation caused greatest emission of both N2O and CH4, up to
200% and 70% respectively, compared to intermittent and minor flood
irrigation management (Berger et al., 2013). These varied responses to
water management might be confounded by other management factors,
like fertilization, and the interaction of water management with these is
largely unknown. Furthermore, few studies have evaluated how water-
saving irrigation impacts the GWP and GHGI induced by N2O and CH4
(Win et al., 2015; Xu et al., 2015).
Given the unknown interaction between fertilization and water
management in rice paddies, we designed an experiment to examine
single and interactive effects of each rice management practice. We
hypothesized that relative to conventional irrigation, water− saving
irrigation would significantly decrease the radiative forcing induced by
N2O and CH4 emissions, but increase the WUE of rice. Furthermore, we
hypothesized that increasing fertilization would increase both N2O and
CH4 emissions, but that water-saving irrigation would reduce these
increases. To test these hypotheses, we measured N2O and CH4 emis-
sions from rice paddies under flooding−midseason drai-
nage− flooding (FDF, conventional system) and versus water-saving
irrigation by alternating wetting and drying (AWD). Additional, we also
estimate the rice grain yield and WUE as affected by water− saving
irrigation regime.
2. Materials and methods
2.1. Study site
The field experiment was carried out in the Plant Science Park of
Anhui Science and Technology University (32° 86′ N, 117° 4′ E), located
in the southern of North China Plain (NCP). This region has a sub-
tropical and sub-humid monsoon climate with a mean annual air tem-
perature of 15.2 °C. Annual mean precipitation was 1236mm and al-
most 50% of the rainfall was distributed in April to June. The soil of the
experimental field was classified as hydromorphic, consisting of 12%
sand, 45% silt, and 43% clay with an initial pH of 6.2 (1:1, water/soil,
w/w). The soil available N is 68.1 mg kg−1, dissolved organic carbon
content is 9.9 g kg−1, available phosphorus is 32.8 mg kg−1, and
available potassium is 64.9mg kg−1 in the surface soil layer (0–20 cm).
2.2. Experimental design
A split-plot design experiment included irrigation regime and N
application rate was conducted in this study. Irrigation regime was the
main factor including 1) flooding-midseason drainage-flooding (FDF)
regime as the conventional irrigation, and 2) flooding-moist by alter-
nating wetting and drying (AWD) regime as the water-saving irrigation.
For the FDF plots, flooding was started 3 days before rice transplanting
on 29 June and maintained until 31 July 2017 (maintain 10− 60mm
of water depth), and then rice paddy followed by a midseason drainage
for 10 days. Thereafter these rice paddies were re− flooded
(10− 60mm of water depth) until one week before crop harvesting.
For plots under the water− saving irrigation (AWD), flooding was also
initiated 3 days before rice transplanting and lasted until plant reviving
in 7 July (maintain 10− 20mm of water depth), and then followed by
an alternating wetting and drying cycles (soil moisture maintain
65− 80% of water holding capacity (WHC) with moist irrigation) until
a week before rice harvesting. We also set three N application levels as
the secondary factor 1) low N application rate of 90 kg N ha−1 (N90); 2)
medium N application rate of 180 kg N ha−1 (N180); and 3) high N
application rate, typically fertilization in this region, of 270 kg N ha−1
(N270). In total, there were six treatments in this study, and each
treatment has three replicates. Each plot was 3m×1.25m and isolated
by brick concrete (1.2 m depth) between any two adjacent plots for
preventing water and fertilizer exchange. All the plots were set under a
rain shelter to control the irrigation water usage.
A typical rice cultivar in this region, namely “Wuyunjing 7″, was
sown in a nursery bed on 27 May, thereafter rice seedlings were
transplanted in the paddies on 29 June and harvested on 28 October
2017. Urea as fertilizer N was applied with 50% as basal application on
27 June and 20% at tillering stage on 25 July and 30% at heading stage
on 2 September. Calcium superphosphate (containing 12% P2O5) as
phosphorous fertilizer employed 75 kg ha−1 and potassium sulfate
(containing 60% K2O) as potassium fertilizer employing 150 kg ha−1 in
all treatments as the basal fertilizer.
2.3. N2O and CH4 fluxes measurements
The fluxes of N2O and CH4 were simultaneously measured using the
static closed chamber-GC method (Liu et al., 2016). A PVC flux collar
was permanently installed in each plot before rice transplanting to
ensure reproducible placement of gas collecting chamber for successive
gas emission measurement during rice growing period. The top edge of
the collar had a groove (5 cm in depth) for filling with water to seal the
rim of the chamber during gas sampling. A sampling chamber with
cross sectional area of 0.25m2 (50 cm×50 cm) and 50 cm in height (or
100 cm in height depending on rice growth) was used for gas sampling.
The chamber was equipped with a small circulating fan to guarantee
complete gas mixing and wrapped with a layer of sponge and aluminum
foil to minimize air temperature changes inside the chamber. Gas
samples were collected between 8:00 and 10:00 a.m. local standard
time once a week, except that they were taken twice a week following
fertilizer application. Gas samples were collected with a 60ml syringe
from the chamber headspace following 0, 5, 10 and 15min after the
chambers were placed on pre− fixed collars (Zou et al., 2005). Gas
samples were stored in the syringes, and then stored in evacuated vials
for< 1 day before analysis on a gas chromatograph.
Gas samples of N2O and CH4 concentrations were simultaneously
analyzed by gas chromatograph (Agilent 7890A, Gow Mac Instrument
Company, Bethlehem, PA, USA) equipped with an electron capture
detector (ECD) and a flame ionization detector (FID) (Liu et al., 2016).
Slope of linear regression of consecutive samples GHG concentration
was used for gas flux calculation. Samples with linear regression value
of r2 less than 0.90 were excluded from the data set (Liu et al., 2013).
Seasonal cumulative N2O and CH4 emissions were sequentially accu-
mulated from the fluxes between every two adjacent intervals of
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measurements. The GWP produced by N2O and CH4 emissions was
obtained at 100−year time horizon using the following equation
(Maucieri et al., 2017):
GWP (t CO2 equivalent ha–1)=298 × GWP(N2O) + 34 × GWP(CH4)
(1)
2.4. Rice yield, greenhouse gas intensity (GHGI), and water-use efficiency
(WUE)
Rice grain yield was measured with a total of 20 rice plants which
were sampled randomly from each plot at harvesting. Grain yield from
each plot was collected in mesh bags and oven-dried at 70 °C to con-
stant weight. The 1000−kernel weight and grain numbers per spike
were also calculated for each plot. Greenhouse gas intensity (GHGI) is a
frequently used measure of GHG emissions per unit of grain production
and calculated by dividing the net GWP by the rice grain yields (Xiong
et al., 2015):
GHGI (t CO2 equivalent t−1) = net GWP / grain yields (2)
Water use efficiency (WUE) was calculated by dividing the rice
grain yields by water consumption (Zhou et al., 2017):
WUE (kg m−3) = grain yields / water consumption (3)
2.5. Statistical analyses
Analysis of variance (ANOVA, least significant difference method)
was used for the comparison of N2O and CH4 emissions, GWP, GHGI,
rice grain yield and its components, and WUE between the treatments.
The main purpose of the ANOVA was to assess irrigation management
and the interaction with N application on rice yield, WUE, cumulative
GHGs emissions, GWP and GHGI. All the data showed as mean ± SE
(n=3). Calculations were performed with SPSS version 21.0 (SPSS Inc.
USA), and statistical significance was determined at the 0.05 prob-
ability level.
3. Results
3.1. N2O and CH4 emissions
The seasonal patterns of N2O emission fluxes showed a different
variation with irrigation regime while followed the same trend with N
fertilization in rice paddies (Figs. 1a and b). Under FDF irrigation re-
gime, substantial N2O fluxes were triggered by midseason drainage, and
thereafter it declined quickly with the extension of re-flooding, while
waterlogging resulted in unperceivable N2O fluxes throughout the
whole rice− growing season (Fig. 1a). Most of N2O was emitted during
the non−waterlogged period of the rice-growing season. On average,
N2O emissions during the 10−day drainage period accounted for
73–76% of the seasonal total. For the AWD irrigation regime, however,
the flux peaks of N2O were triggered by N fertilization during the moist
period, and no recognizable N2O emissions were observed in the
flooding stage of rice paddies (Fig. 1b). Seasonal total N2O emissions in
AWD (1.41 kg ha−1) were significantly increased by 34% compared
with FDF (1.05 kg ha−1, Table 1). N fertilizer application significantly
increased N2O emissions in AWD but not FDF (Fig. 2a). In general, N2O
emissions were significantly affected by irrigation regime, N fertilizer
and their interaction (Table 1).
Similar to N2O, seasonal patterns of CH4 emissions varied with ir-
rigation regime and showed a trade− off relationship with N2O emis-
sions (Fig. 1). CH4 emissions ascended steadily and emission peaks
occurred approximately one week after rice transplanting at water-
logged stage. Thereafter, CH4 emissions were rapidly decreased by
midseason drainage in FDF or moist in AWD, and then maintained at a
low emission rate until rice harvest. Seasonal CH4 emissions totaled
30.91 kg ha−1 under FDF, while AWD significantly decreased CH4
emissions by 38% (Table 1). N fertilizer application showed a negative
effects on CH4 emissions, although the differences were not statistically
significant (Table 1; Fig. 2b). Two−way ANOVA showed that no sig-
nificant interaction of irrigation regime and N fertilizer on seasonal CH4
emissions from rice paddies in this study (Table 1).
3.2. GWP and GHGI
The GWP induced by N2O and CH4 emissions was significantly af-
fected by irrigation regime (Table 1; Fig. 2c). Compared with FDF
(1.36 t CO2 equivalent ha–1), AWD significantly decreased the GWP
(1.07 t CO2 equivalent ha–1) by 21% (Table 1). Since N fertilization
significantly increased N2O emissions but decreased CH4 emissions, the
N fertilizer application showed no significant impact on GWP in this
study (Table 1).
Similar to GWP, water-saving irrigation regime (0.15 t CO2
equivalent t–1) significantly decreased the GHGI by 24% relative to
conventional irrigation regime (0.20 t CO2 equivalent t–1). Two–way
ANOVA showed that although irrigation regime and N fertilizer sig-
nificantly affected GHGI, their interaction had no impact on GHGI in
this study (Table 1; Fig. 2d).
3.3. Rice yield and WUE
Compared with FDF irrigation regime, AWD enhanced rice grain
yield by 2.9%, although the difference was not statistically significant
(Table 2). Relative to the lowest N fertilizer application rate (90 kg N
ha−1), high N fertilizer application enhanced rice grain yield by 19.4%
and 21.3% for N180 and N270 treatments, respectively. In general, rice
grain yield was not affected by irrigation regime but significantly af-
fected by N fertilizer application and their interaction (Table 2; Fig. 3a).
For the components of rice yield, grain numbers per spike was sig-
nificantly increased by N fertilizer application but not irrigation regime
or their interaction. N fertilizer application, irrigation regime and the
interaction had no impact on 1000–kernel weight (Table 2).
WUE was calculated as the ratio of rice grain yield to the total water
consumption of rice growth. WUE ranged from 1.42 to 1.53 kg m–3 and
from 1.94 to 2.22 kg m–3 under FDF and AWD irrigation regimes, re-
spectively. AWD irrigation regime significantly enhanced WUE by
39.9% relative to FDF irrigation regime. In general, WUE was sig-
nificantly affected by irrigation regime and the interactive with N fer-
tilization, but not affected by N fertilization alone (Table 2; Fig. 3b).
4. Discussion
4.1. Interactive effects of irrigation regime and N fertilization on rice yield
and WUE
It is well known that irrigation regime and N fertilizer are two key
factors influencing cereal crop yields (Cassman et al., 2003; Ju et al.,
2009). Although irrigation regime had no significant effect on rice grain
yield, AWD irrigation slightly enhanced the grain yield by 3% (Fig. 3a),
which in accordance with previous studies (Chu et al., 2015). Rice is
known to be sensitive to soil water conditions and needs large amounts
of water for maintaining high grain yield (Bouman and Tuong, 2001);
therefore, it is surprising that rice grain yield was enhanced under
AWD. This might be due to increase in proportion of productive tillers
and decrease in the leaf angle of the top three leaves at heading time,
greater root biomass in deeper soil and higher root oxidation activity
(Yang et al., 2017). While Carrijo et al. (2017) reported that rice grain
yield was reduced by 5.4% under AWD through a meta-analysis. It
should be noted that rice grain yield is determined not only by irriga-
tion regimes, but also by their interaction with N rates (Yang et al.,
2017). Generally, the results of this study show that increase in rice
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grain yield is associated with increase in N fertilization, this might be
attributed to N fertilization enhanced rice grain numbers per spike
(Table 2). In addition, plant growth and photosynthetic ability have
been demonstrated to increase with N supply (Pan et al., 2017). Be-
sides, the highest grain yield was achieved by AWD irrigation regime
with the medium N application rate (i.e. 180 kg N ha–1, Fig. 3a), which
in accordance with previous studies that synergistic water–N interac-
tion should be adopted for high grain yield (Wang et al., 2016).
Due to water resource scarcity in mainland China in recent decades,
water management in rice production has been greatly targeted (Zou
et al., 2009; Xu et al., 2015). Water-saving irrigation practices such as
alternating wetting and drying was used in aerobic rice paddies instead
of anaerobic paddies have been suggested as an effective management
for maintaining rice production and enhancing WUE (Chu et al., 2015;
Linquist et al., 2015; Pan et al., 2017). Although N fertilization had no
effects on WUE, irrigation regime and their interaction significantly
affect WUE in this study (Table 2). AWD is assumed to be more efficient
in water use efficiency than FDF or continuous flooding irrigation (Xu
et al., 2015; Yang et al., 2017). In general, AWD reduced the amount of
water consumption on average by 25% compared to FDF and thus en-
hanced WUE by 40% (Table 2, Fig. 3). FDF irrigation regime is widely
used in Chinese rice paddies (Zou et al., 2005, 2009). This conventional
irrigation practice not only consumes large amounts of water, but also
leads to vast GHGs emissions (Zou et al., 2005; Xu et al., 2015). Con-
sidering the vast water usage in rice planting in China, water saving
technologies including saturated soil culture, aerobic rice and AWD
could be adopted for reducing water consumption and enhancing WUE
(Pan et al., 2017).
Fig. 1. Seasonal dynamics of N2O (a and b) and CH4 (c and d) emission fluxes from conventional water irrigation (FDF) and water-saving irrigation (AWD)
management in rice paddies. F, D and AWD represent flooding, midseason drainage, and moist by alternating wetting and drying cycles, respectively. Solid and
dotted arrows represent basic and top-dressing application of N fertilizer.
Table 1
N2O and CH4 emissions, global warming potential (GWP), greenhouse gas intensity (GHGI), and two-way ANOVA (p value) induced by irrigation regime and N
fertilizer over the rice growing season. Different letters within each treatment indicate significant differences for Fisher LSD test.
N2O emission CH4 emission GWP GHGI
(kg ha−1) (t CO2 equivalent ha−1) (t CO2 equivalent t−1)
Irrigation regime
FDF 1.05 ± 0.02 b 30.91 ± 1.32 a 1.36 ± 0.04 a 0.20 ± 0.01 a
AWD 1.41 ± 0.08 a 19.12 ± 1.03 b 1.07 ± 0.04 b 0.15 ± 0.01 b
N application
N90 1.06 ± 0.03 b 26.96 ± 2.94 a 1.23 ± 0.09 a 0.20 ± 0.02 a
N180 1.27 ± 0.10 ab 24.93 ± 2.94 a 1.23 ± 0.08 a 0.17 ± 0.02 ab
N270 1.37 ± 0.12 a 23.16 ± 2.97 a 1.20 ± 0.07 a 0.16 ± 0.01 b
ANOVA
Irrigation regime (Ir) <0.001 <0.001 <0.001 0.001
Nitrogen (N) <0.001 0.230 0.875 0.023
Ir×N 0.002 0.970 0.662 0.288
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4.2. N2O and CH4 emissions response to irrigation regime and N
fertilization
N2O is mainly produced by soil microbial nitrification and deni-
trification processes (Wrage et al., 2001; Butterbach-Bahl et al., 2013),
which are highly dependent on soil water content and N fertilizer ap-
plication in rice paddies (Zou et al., 2007; Pittelkow et al., 2013).
Generally, water-saving irrigation significantly increased N2O emis-
sions compared with conventional irrigation regime in this study,
mainly due to: 1) the soil moisture condition (65–80% WHC) induced
by alternating wetting and drying cycles were favorable for N2O pro-
duction under water–saving irrigation regime (Zou et al., 2007; Peng
et al., 2011; Xu et al., 2015). 2) although midseason drainage triggered
a large pulse of N2O emissions, rice paddies were waterlogged by
flooding irrigation during most time of rice growing season creating an
anaerobic condition facilitate the denitrification thoroughly, thus de-
creasing N2O emissions under FDF (Zou et al., 2005). The seasonal
pattern of N2O emissions was varied with irrigation regime and N fer-
tilizer application, and negligible N2O emission was observed when rice
paddies were continuously flooded, indicating irrigation regime and N
were the vital factors influencing seasonal N2O emission variations, this
finding is consistent with previous studies (e.g., Zou et al., 2005;
Pittelkow et al., 2013; Win et al., 2015). Midseason drainage, however,
caused a large pulse of N2O emissions and contributed greatly to the
seasonal total amount (nearly ¾ of the total N2O emissions), which was
likely due to the midseason drainage enhanced soil aeration thus
creating an appropriate condition favoring for nitrification and deni-
trification processes (Huang et al., 2007; Wang et al., 2018b). For the
AWD irrigation, N2O emissions peaked directly after N fertilizer ap-
plication and remained high emission rate for nearly one week after,
when the field was moist but not waterlogged (Fig. 1b). The causes of
these peaks are likely due to soil N availability increased combined with
optimal O2 for nitrification and incomplete denitrification (Xiong et al.,
2007; Shang et al., 2011; Barnes and Upstill-Goddard, 2018). Overall,
our results show that N2O dynamics varied largely under different ir-
rigation regimes, but water-saving irrigation caused greater individual
and cumulative emissions for the most of rice season except the large
pulse in the FDF during midseason drainage.
Flood irrigation stimulated CH4 emissions under both water man-
agement systems. There are many factors (e.g., soil moisture, O2 con-
tent, organic matter degradation) that impact CH4 production, oxida-
tion and transportation, thus influencing CH4 emissions from rice
paddies (Mosier et al., 2004). Similar to previous studies, most of the
CH4 emissions occurred when soils are well saturated (Zou et al., 2005;
Johnson-Beebout et al., 2009; Win et al., 2015). High soil water content
with flooding irrigation result in a reduction of soil redox potential
(Eh), thus creating a favorable condition for CH4 production (Mosier
et al., 2004). FDF irrigation exhibited higher initial CH4 pulse (0–20 d)
and greater emissions than AWD (Figs. 2c and d; Table 1). However,
CH4 kept low emissions at re-flooding stage probably due to the organic
matter was consumed at the initial flooding, thus the soil could provide
less substrate for CH4 production when re-flooding (Zou et al., 2005). A
steadily increasing of CH4 flux during the continuous flooding period at
the start stage, and thereafter a rapid decrease in CH4 emissions re-
sulting from midseason drainage or wetting and drying cycles by in-
termittent irrigation were observed in this study, which were in
agreement with previous studies (Zou et al., 2005; Liu et al., 2014). For
example, Zou et al. (2005) reported that midseason drainage decreased
CH4 flux by 36–65% from rice paddies in southeast China. Midseason
drainage or moist by intermittent irrigation created an aerobic soil
environment favorable for CH4 oxidization, thus decreased the amount
of CH4 transport to atmosphere (Liu et al., 2014). Here our results show
that the AWD reduced individual and cumulative CH4 emissions over
the entire growing season.
Fig. 2. Cumulative N2O (a) and CH4 (b) emissions, GWP (c) and GHGI (d) as
affected by interactive of N application with different irrigation regimes. The
bars indicate the standard error of the means (± SE). Different letters indicate
significant differences according to the Fisher's LSD test.
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4.3. Impact of irrigation regime on GWP and GHGI
Considering the trade–off relationship between N2O and CH4
emissions in rice paddies, it is necessary to calculate the GWP and GHGI
to estimate the potential future impacts of N2O and CH4 emissions on
the climate system in a relative sense (Shang et al., 2011). In the present
study, GWP (t CO2 equivalent ha–1) and GHGI (t CO2 equivalent t–1)
were used to determine the combined climatic impacts of N2O and CH4
emissions under two different water irrigation regimes from rice pad-
dies. The water–saving irrigation regime significantly decreased the
GWP (by 21%) and GHGI (by 24%) compared with conventional water
irrigation regime, largely due to CH4 emissions were inhibited under
water saving irrigation regime (Fig. 2). This conclusion is supported by
many studies on rice paddies, even though CH4 mitigation practices can
result in abundant increases in N2O emissions (Zou et al., 2005; Xu
et al., 2015). Because the aim of this study was to explore an effective
water irrigation strategy that conserve water and reduce the climatic
impacts of N2O and CH4 emissions while maintain rice grain yields, the
irrigation management such as AWD irrigation regime showed no dif-
ference for grain yields compared with the conventional FDF irrigation
regime. Therefore, AWD irrigation instead of FDF could be adopted to
simultaneously achieve grain yield and mitigating climatic impacts
from rice paddies.
5. Conclusions
Irrigation regime and N fertilizer significantly impact N2O and CH4
emissions from rice paddies. In contrast to FDF irrigation, AWD irri-
gation regime reduced CH4 emissions while triggered abundant N2O
emissions. Although N2O and CH4 emissions showed a trade–off re-
lationship under the same water irrigation regime, the AWD regime
significantly decreased the GWP and GHGI compared with FDF. In
addition, AWD irrigation regime slightly enhanced rice grain yield and
significantly improved WUE. The interaction effective of water irriga-
tion regime and N fertilization was found on rice grain yield and WUE.
The optimal nitrogen rate for rice grain yield was the medium appli-
cation rate (180 kg N ha−1) under AWD. In general, this study clearly
illustrate the environmental benefits of AWD irrigation – both lower
GHG emissions and less need for water – but also we found no penalty
on rice yield, and perhaps even a slight benefit to yield. The alternating
wetting and drying irrigation regime shows promise as a ‘win-win’ ir-
rigation management strategy in rice paddies. Water saving technolo-
gies including saturated soil culture and aerobic rice could also be ex-
plored for benefiting rice yield and water consumption in the future.
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